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The two major forms of DNA damage produced by
254 nm UV light are cyclobutane pyrimidine dimer
(CPD) and (6–4) photoproduct (6–4PP). Both photo-
lesions are repaired in normal human cells by nucleotide
excision repair; however, little is known about where
CPD or 6–4PP are repaired in relation to the various
subnuclear structures. This study aimed to produce a
three-dimensional demonstration of UV-induced DNA
damage and its repair in human cell nuclei.
We first investigated the repair kinetics of CPD and
6–4PP using an enzyme-linked immunosorbent assay
with damage-specific monoclonal antibodies in normal
human and xeroderma pigmentosum complementation
group C cells. We also examined the kinetics of repair
DNA synthesis (unscheduled DNA synthesis) using a
quantitative immunofluorescence method with anti-5-
bromo-2’-deoxyuridine antibodies. We confirmed the
normal repair in normal human cells and the impaired
repair in xeroderma pigmentosum complementation
DNA damage in cells exposed to ultraviolet (UV) lightplays a significant role in cell killing, mutation, andneoplastic transformation (Setlow, 1978; Suzuki et al,1981; Maher et al, 1982). The two major lesionsproduced by UV (particularly 254 nm UV) are cyclo-
butane pyrimidine dimer (CPD) and (6–4) photoproduct (6–4PP)
(Clingen et al, 1995). The 6–4PP is formed at a rate of 15–33% of
that of CPD (Mitchell, 1988; Clingen et al, 1995; Eveno et al, 1995).
Although 6–4PP is removed from whole genome at a much greater
speed than CPD, both lesions are repaired in normal human cells by
nucleotide excision repair (NER) (Mitchell et al, 1985). NER is the
removal of damaged nucleotides by incision of the damaged strand of
a DNA duplex on both sides of the modified bases and release of an
oligonucleotide carrying the lesion, followed by filling in of the single-
stranded gap and ligation. Progress in the isolation and purification of
NER gene products has allowed the NER process to be carried out
in vitro with purified components. About 30 polypeptides have been
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group C cells. Then, using laser scanning confocal
microscopy, we succeeded in forming a three-dimen-
sional visualization of the nuclear localization of CPD,
6–4PP, and unscheduled DNA synthesis in individual
human cells. The typical three-dimensional images of
photolesions or unscheduled DNA synthesis at various
repair times reflected the repair kinetics obtained by
enzyme-linked immunosorbent assay or immunofluor-
escence very well. The important finding is that the
punctate, not diffusely spread, nuclear localization of
unrepaired 6–4PP was found 2 h after irradiation.
Similarly, the focal nuclear localization of unscheduled
DNA synthesis was observed during both the first and
the second 3 h repair periods. The present results
suggest that both 6–4PP and CPD are nonrandomly
repaired from nuclei in normal human cells. Key
words: cyclobutane pyrimidine dimer/laser scanning confocal
microscopy/(6–4) photoproduct/xeroderma pigmentosum. J
Invest Dermatol 110:143–148, 1998
found to participate in NER (Sancar, 1994; Aboussekhra et al, 1995).
At least two NER subpathways have been discerned: global genome
repair and transcription-coupled repair (Hanawalt, 1991). In the latter
subpathway, UV-induced pyrimidine dimers are removed several-fold
faster from transcribed genes than from nontranscribed genes because
of preferential repair of the transcribed strand (Mellon et al, 1987;
Thomas et al, 1989). Xeroderma pigmentosum (XP) is a rare autosomal
recessive disease that is characterized by impaired NER activity, extreme
sensitivity of the skin to UV radiation, and a consequent predisposition
to cancer in exposed tissue (Cleaver and Kraemer, 1995). XP can be
assigned to seven different complementation groups (XP-A–G). In
contrast to all other XP groups, XP-C is defective only in global
genome repair, and not in transcription-coupled repair (Venema et al,
1990; Kantor et al, 1990).
Despite the accumulated knowledge of NER, little is known about
where CPD or 6–4PP are repaired, in relation to the various subnuclear
structures or to the nuclear distribution of various NER components.
Instead of particular photolesions, the nuclear sites of repair DNA
synthesis (unscheduled DNA synthesis, UDS) after UV irradiation have
been investigated using [3H]thymidine labeling and autoradiography
(McCready and Cook, 1984; Mullenders et al, 1984). Recently, sites
of such repair synthesis were visualized by incubating permeabilized
human cells with the DNA precursor, biotin-dUTP, in a physiologic
buffer (Jackson et al, 1994a, b). Then, incorporated biotin was immuno-
labeled with fluorescent antibodies. It was found that the repair sites
were not diffusely spread throughout nuclei but were concentrated in
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discrete foci. Furthermore, repair sites generally contained a high
concentration of proliferating cell nuclear antigen but not the tumor-
suppressor protein p53. Although these results are important, more
interesting results would be expected if we could compare the nuclear
sites of CPD or 6–4PP with those of NER components or others,
because some proteins have been shown to bind 6–4PP with higher
affinity than CPD (Treiber et al, 1992; Reardon et al, 1993; Wakasugi
et al, 1996).
In order to detect particular lesions, we have established mono-
clonal antibodies specific for CPD or 6–4PP (Mori et al, 1988, 1991).
We have demonstrated the antibodies to be very useful and powerful
for measuring lesion formation induced in individual cells by UV at
physiologic doses (Mori et al, 1989, 1990). In addition, the amount
of UDS can be quantitated by immunofluorescence staining using
monoclonal antibodies against 5-bromo-2’-deoxyuridine (BrdU)
incorporated into the DNA during a post-irradiation repair period
(Beisker and Hittelman, 1988). In this study, we first investigated the
repair kinetics of CPD and 6–4PP and the kinetics of UDS in normal
human and XP-C cells. Then, typical nuclear distribution of CPD,
6–4PP, and UDS were three-dimensionally visualized at various repair
times by laser scanning confocal microscopy with lesion-specific
antibodies or anti-BrdU antibodies.
MATERIALS AND METHODS
Cells and media Normal human primary fibroblasts (MSU-1, MSU-2) from
newborn foreskins were kindly provided by Dr. James E. Trosko (Michigan
State University, East Lansing, MI) (Mori et al, 1989). Skin fibroblasts (XP1CTA)
were derived from the patient with XP-C (Wang et al, 1991). Fibroblasts
between passages 8 and 20 were used for experiments. Cells were cultured in
Dulbecco’s modified Eagle’s medium (Nissui Seiyaku, Tokyo, Japan) supple-
mented with 10% fetal bovine serum (Flow Laboratories, McLean, VA).
UV irradiation Cells (2 3 105) were plated in 35 mm plastic dishes with
small coverslip-well (MatTek, Ashland, MA) and cultured overnight. After
washing with Dulbecco’s phosphate-buffered saline (PBS) (Sigma, St. Louis,
MO), cells were UV irradiated with two low-pressure mercury lamps (GL-10,
Toshiba, Tokyo, Japan; predominantly 254 nm UV) at a dose rate of 0.84 J per
m2 per s, which was monitored by a Topcon UV Radiometer (UVR-1,
Topcon, Tokyo, Japan). Then, cells were fixed with cold methanol:acetic acid
(3:1) for 20 min on ice, washed with ethanol, and stored at –20°C. In repair
experiments, cells were incubated in growth medium for various times at 37°C
after UV irradiation (30 J per m2), then fixed and stored at –20°C.
Three-dimensional visualization of two major forms of UV-induced
DNA damage Two monoclonal antibodies, TDM-2 for CPD and 64 M-2
for 6–4PP, were used for staining of UV-induced DNA damage (Mori et al,
1991). The specificity of these antibodies has been examined in detail, showing
no detectable cross-reactivity between CPD and 6–4PP, respectively, for T–T,
T–C, C–T, or C–C. Cells, UV-irradiated and fixed, were treated with 0.07 M
NaOH in 70% ethanol for 3 min to denature DNA. Cells were washed five
times with PBS (10 mM Na2PO4/140 mM NaCl, pH 7.4), and then incubated
with 20% fetal bovine serum for 30 min to prevent nonspecific antibody
binding. The monoclonal antibodies (64 M-2, 1/200; or TDM-2,
1/1500) were treated at 37°C for 30 min. Cells were washed with PBS and
incubated with goat anti-mouse immunoglobulin G (H 1 L) conjugated with
biotin, F(ab9)2 fragment (Zymed, San Francisco, CA) at 1:50 dilution for
30 min. After washings with PBS, cells were incubated with streptavidin
conjugated with fluorescein isothiocyanate (FITC; Zymed, final concentration:
10 µg per ml) for 30 min. Finally, cells were treated with 100 µg RNase A
(Sigma) per ml and 1 µg propidium iodide (PI; Sigma) per ml for 15 min for
staining of nuclear DNA. The dishes were washed with PBS, mounted in drops
of ProLong Antifade (Molecular Probes, Eugene, OR), and coverslipped.
Fluorescent images of both DNA damage (FITC) and DNA (PI) of each sample
were obtained using a InSIGHTplus-IQ laser-scanning confocal microscope
(Meridian Instruments, Okemos, MI), including an argon-ion laser (488 nm)
and an Olympus inverted microscope (IMT-2; 3100 oil-immersion objective).
The filter combinations used were BP 530/30 for FITC emission and LP 605
for PI emission. Images were acquired using a CCD camera (512 3 480 pixel),
and were not contrast-stretched. An adjustable threshold was set to remove
background noise. Three-dimensional reconstruction was generated with a
modified version of the simulated fluorescence process algorithm (van der Voort
et al, 1989; Hallgren and Buchholz, 1992a, b). Three-dimensional images of
the lower half portion of the nuclei were reconstructed based on about 25
consecutive images taken at 0.2 µm intervals.
Determination of two major forms of UV-induced DNA damage in
genomic DNA by enzyme-linked immunosorbent assay (ELISA) Cells
were prelabeled with 1.85 kBq [2–14C]-thymidine (Amersham, Little Chalfont,
U.K., 2.18 GBq per mmol) per ml for 3 d. Cells (1–2 3 106) were then
cultured in 10 cm Falcon dishes for 2 d in a radioisotope-free medium. After
washing with Dulbecco’s PBS, cells were UV irradiated and incubated for various
times for repair. Immediately after irradiation or after post-UV incubation, cells
were harvested and genomic DNA was purified using the phenol/isoamyl
alcohol-chloroform procedure (Mori et al, 1991) or QIAamp Blood Kit
(QIAGEN GmbH, Hilden, Germany). DNA concentration was calculated from
the absorbance at 260 nm, and 14C-radioactivity of DNA was measured by
liquid scintillation counter (LSC-5100, Aloka, Tokyo, Japan).
The CPD and 6–4PP in DNA were quantitated by ELISA with monoclonal
antibodies (TDM-2 for CPD and 64 M-2 for 6–4PP). Details of the method
used have been described previously (Mori et al, 1991). In brief, 96 well
polyvinylchloride flat-bottom microtiter plates (Dynatech, Chantilly, VA),
precoated with 1% protamine sulfate, were coated with sample DNA (0.8 Bq
per well for CPD, 16 Bq per well for 6–4PP). In the present experiment, the
equal radioactivity of DNA, instead of the equal amount of DNA calculated
from the absorbance at 260 nm, was coated in order to correct the decrease in
photolesions per DNA by possible DNA replication during a post-UV incubation
period. The 0.8 and 16 Bq DNA corresponded to 7.5 and 150 ng DNA,
respectively, of cells without post-UV incubation. The binding of monoclonal
antibodies to photolesions in immobilized DNA in wells (in quadruplicate) was
detected with biotinylated F(ab9)2 fragment of goat anti-mouse immunoglobulin
G (Zymed) and then streptavidin-peroxidase (Zymed). The absorbance of
colored products derived from o-phenylene diamine (Sigma) was measured at
492 nm by Titertek Multiskan Plus MKII (Labsystems, Helsinki, Finland). For
examining repair kinetics, the percentage of the initial number of photolesions
was calculated at various times after UV irradiation using the damage induction
standard curves, obtained from the samples irradiated with 0, 5, 10, 20, and
30 J per m2.
Three-dimensional visualization of UDS Cells (2 3 105) were plated in
35 mm plastic dishes with small coverslip-well and cultured overnight. Cells
were UV irradiated with 30 J per m2 and then allowed to repair in growth
medium containing 10 µM BrdU and 1 µM fluorodeoxyuridine for various
times. Cells were fixed with cold methanol:acetic acid (3:1) for 20 min on ice,
washed with ethanol, and stored at –20°C. For immunostaining of BrdU
incorporated into cellular DNA, cells were treated with 4 N hydrochloric acid
for 30 min to denature DNA. Cells were then treated with 20% fetal bovine
serum for 30 min. After washings with PBS, cells were incubated with anti-
BrdU monoclonal antibody (Pharmingen, San Diego, CA) at 1:300 dilution
for 30 min at 37°C. After washings with PBS, the primary antibody was
visualized by incubation with biotinylated F(ab9)2 fragment of goat anti-mouse
immunoglobulin G at 1:20 dilution and FITC-conjugated streptavidin (final
concentration, 10 µg per ml). Finally, cells were treated with 100 µg RNase A
per ml and 1 µg PI per ml for 15 min, and followed by washings with PBS.
The dishes were mounted in drops of ProLong Antifade. Three-dimensional
images of UDS in individual cells were obtained and presented as described
above.
Quantitative detection of UDS by immunofluorescence Cells were
UV irradiated, cultured for repair in growth medium containing BrdU and
fluorodeoxyuridine, and immunostained as described above. The fluorescent
images of FITC for BrdU and of PI were produced using a InSIGHTplus laser-
scanning confocal microscope equipped with a 340 objective lens. Then, the
fluorescent intensities of FITC and PI were separately quantitated at the single-
cell level using the software associated with InSIGHTplus-IQ, and FITC/PI
values were calculated as the amount of UDS. The S phase cells, which had
much higher fluorescent intensities of FITC than the interphase cells, were
excluded from the determination of UDS.
RESULTS
Determination of repair kinetics of CPD and 6–4PP in normal
and XP-C cells by ELISA In order to examine the repair kinetics
of CPD and 6–4PP in normal human and XP-C cells, we determined
these photolesions in genomic DNA at different post-UV times by
ELISA (Fig 1). Two normal human fibroblasts (MSU-1, MSU-2)
repaired UV-induced DNA damage in almost the same fashions. They
repaired more than 90% of the initial 6–4PP within 3 h, and removed
40% of the initial CPD within 10 h and 50% at 24 h after UV
irradiation. On the other hand, XP-C cells could hardly repair both
CPD and 6–4PP within 24 h.
Three-dimensional visualization of photolesions in individual
cells during a repair process Figure 2 shows the three-dimensional
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Figure 1. The repair kinetics of CPD (A) and 6–4PP (B) from genomic
DNA in normal human and XP-C cells. MSU-1 (j), MSU-2 (d), and
XP-C (s) cells were UV irradiated (30 J per m2) and incubated for repair. The
percentage of the initial number of photolesions was determined at various
times after UV irradiation using a standard ELISA technique with monoclonal
antibodies specific for each type of lesion. Each point (6 SD) shows the mean
of three to four determinations.
Figure 2. Typical three-dimensional fluorescent images of 6–4PP (higher
magnification) and nuclear DNA (lower magnification) in normal
human cells. MSU-2 cells were UV irradiated with 30 J per m2 and incubated
for various times. Then cells were fixed and stained with anti-6–4PP antibodies,
followed by anti-mouse IgG-biotin and streptavidin-FITC. The corresponding
nuclei were counterstained with PI. The fluorescent images of both 6–4PP and
DNA of each sample were obtained using a InSIGHTplus-IQ laser-scanning
confocal microscope. The three-dimensional images of the lower half portion
of the nuclei were reconstructed based on about 25 consecutive images taken
at 0.2 µm intervals using the software associated with InSIGHTplus-IQ. (A)
No UV; (B) UV, no repair; (C) UV, 1 h repair; (D) UV, 2 h repair; (E) UV,
3 h repair; (F) UV, 6 h repair. Scale bar, 10 µm.
images of 6–4PP and DNA in normal MSU-2 cells at various repair
times after UV irradiation. The reconstructed three-dimensional images
of the lower half portion of the nuclei are presented in order to observe
the inside of the nuclei. The fluorescent images of 6–4PP are
shown and the corresponding DNA images are presented at a lower
magnification in the lower right corner.
Almost no fluorescence of 6–4PP was observed in MSU-2 cells
without UV irradiation (Fig 2A). In contrast, UV irradiation (30 J per
m2) produced the strong fluorescence of 6–4PP (Fig 2B). The three-
dimensional images of 6–4PP and DNA were overlapped with each
other, indicating that 6–4PP were induced throughout the nuclei. The
results also indicated that the fluorescent images obtained using anti-
Figure 3. Typical three-dimensional fluorescent images of 6–4PP (higher
magnification) and DNA (lower magnification) in XP-C cells. XP-C
cells were treated using the same method as described in Fig 2. (A) No UV;
(B) UV, no repair; (C) UV, 1 h repair; (D) UV, 2 h repair; (E) UV, 3 h repair;
(F) UV, 6 h repair. Scale bar, 10 µm.
Figure 4. Typical three-dimensional fluorescent images of CPD (higher
magnification) and DNA (lower magnification) in normal human cells.
MSU-2 cells were treated using the same method as described in Fig 2, except
that anti-CPD antibodies were used instead of anti-6–4PP antibodies. (A) No
UV; (B) UV, no repair; (C) UV, 1 h repair; (D) UV, 2 h repair; (E) UV, 3 h
repair; (F) UV, 6 h repair. Scale bar, 10 µm.
6–4PP antibodies were indeed specific for UV-induced 6–4PP. The
fluorescence of 6–4PP gradually weakened with increasing incubation
times after UV irradiation (Fig 2C–F), and weak and almost no
fluorescence were observed, respectively, at 3 h and 6 h incubation,
consistent with the repair kinetics obtained by ELISA in Fig 1.
Interestingly, the punctate, not diffusely spread, nuclear localization of
unrepaired 6–4PP was observed at 2 h incubation, suggesting that 6–
4PP might not be randomly removed throughout the nuclei. A series
of similar results were obtained in normal MSU-1 cells (data not shown).
The three-dimensional images of 6–4PP and DNA in XP-C cells
at various repair times are presented in Fig 3. As observed in the
experiments with MSU-2 cells, no fluorescence was seen in unirradiated
cells (Fig 3A), but the bright 6–4PP-specific fluorescent images, which
overlapped with those of the corresponding nuclei, appeared in UV-
irradiated cells (Fig 3B). The strong damage-originated fluorescence,
however, was unchanged during the repair period of 6 h in XP-C
cells (Fig 3C–F), consistent with the results obtained by ELISA in Fig 1.
Figure 4 shows the three-dimensional images of CPD and DNA
in normal MSU-2 cells at various repair times after UV irradiation.
No fluorescence was observed in the cells without UV irradiation
(Fig 4A), but the bright CPD-specific fluorescence appeared through-
out the cell nuclei after UV irradiation (Fig 4B), indicating that the
specific staining of CPD with anti-CPD antibodies worked well. The
fluorescent images of CPD were almost unchanged during 6 h of
repair period (Fig 4C–F). These results correlate well with those in
Fig 1 showing that only 20% of the initial CPD were repaired within
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Figure 5. The kinetics of UV-induced UDS in normal human and XP-
C cells. Cells were UV irradiated (30 J per m2) and incubated for various times
in growth medium containing 10 µM BrdU and 1 µM fluorodeoxyuridine.
BrdU, incorporated into DNA, was stained with anti-BrdU antibodies, followed
by anti-mouse IgG-biotin and streptavidin-FITC. DNA was counter-stained
with PI. The fluorescent intensities of FITC and PI were separately quantitated
at the single-cell level using the software associated with InSIGHTplus-IQ,
and FITC/PI values were calculated as the amount of UDS. The mean
(6 SD) of fluorescent intensities (FITC/PI) of about 100 cells in 15
randomly selected areas of three independent determinations was plotted.
j, MSU-1; d, MSU-2; s, XP-C.
6 h in MSU-2 cells. Very similar results were observed in MSU-1 and
XP-C cells (data not shown).
Determination of kinetics of UDS by quantitative
immunofluorescence To investigate the kinetics of UDS after
UV irradiation, BrdU incorporated into DNA during the repair
period was determined at the single-cell level by the quantitative
immunofluorescence method. The amount of UDS was expressed
as FITC/PI and presented as a function of repair time (Fig 5). Very
similar kinetics of UDS were seen in two normal human cells
(MSU-1, MSU-2). They had the very efficient UDS during the first
3 h after UV irradiation, but the inefficient UDS thereafter. The rate
of UDS during the first 3 h was 3.9 times those during 3–6 h or 6–
9 h, calculated by the ratio of FITC/PI of different 3 h periods. In
contrast, XP-C cells showed almost no UDS during the same repair
periods. These results were in accordance with those in which XP-C
cells could hardly repair both CPD and 6–4PP within 24 h, obtained
by ELISA in Fig 1.
Three-dimensional visualization of UDS in individual UV-
irradiated cells Figure 6 shows the three-dimensional images of
UDS and DNA in normal MSU-2 cells at various repair times after
UV irradiation. In cells immediately after UV irradiation, almost no
fluorescence specific for UDS on the cell nuclei was seen (Fig 6A).
In contrast, the UDS-specific fluorescence increased with increasing
repair times after UV irradiation (Fig 6B–E). The results indicate that
the present experimental conditions are satisfactory for detecting UDS.
repair times after UV irradiation (Fig 6B–E). The results indicate that
UDS was observed at 3 h incubation, suggesting that UDS might not
be randomly occurring throughout the nuclei. On the other hand,
almost no fluorescence was observed on the XP-C cells with or
without post-UV incubation (Fig 7). These results are consistent
with those obtained by the quantitative immunofluorescence method
in Fig 5.
Figure 6 suggested that the UDS, during a 3 h post-UV repair
period in normal human cells, might not be randomly localized
Figure 6. Typical three-dimensional fluorescent images of UV-induced
UDS (higher magnification) and nuclear DNA (lower magnification)
in normal human cells. MSU-2 cells were UV irradiated with 30 J per m2
and incubated for various times in growth medium containing 10 µM BrdU
and 1 µM fluorodeoxyuridine. BrdU, incorporated into DNA, was stained
with anti-BrdU antibodies, followed by anti-mouse IgG-biotin and streptavidin-
FITC. The corresponding nuclei were counterstained with PI. The fluorescent
images of both UDS and DNA of each sample were obtained using a
InSIGHTplus-IQ laser-scanning confocal microscope. The three-dimensional
images of the lower half portion of the nuclei were reconstructed based on
about 25 consecutive images taken at 0.2 µm intervals using the software
associated with InSIGHTplus-IQ. (A) No repair; (B) 1 h repair; (C) 2 h repair;
(D) 3 h repair; (E) 6 h repair. Scale bar, 10 µm.
Figure 7. Typical three-dimensional fluorescent images of UV-induced
UDS (higher magnification) and nuclear DNA (lower magnification)
in XP-C cells. XP-C cells were treated using the same method as described
in Fig 6. (A) No repair; (B) 1 h repair; (C) 2 h repair; (D) 3 h repair; (E) 6 h
repair. Scale bar, 10 µm.
throughout the nuclei. The similar result was obtained in another
normal human cell line, MSU-1 (data not shown). To examine whether
the nonrandom repair takes place during different repair periods from
the first 3 h repair period, UV-irradiated MSU-2 cells were incubated
in BrdU-containing medium for 0–3 h and 3–6 h after irradiation.
Then, the three-dimensional images of UDS were reconstructed as
mentioned above (Fig 8). The punctate, not diffusely spread, nuclear
localization of UDS was observed in both samples, although the sample,
labeled for the first 3 h, had brighter fluorescence than the other one.
DISCUSSION
UV light at 254 nm efficiently produces CPD and 6–4PP in cellular
DNA, but very few Dewar photoproducts (less than 1% of CPD or
6–4PP) (Clingen et al, 1995). In addition, CPD and 6–4PP are repaired
by NER with a patch size of 27–29 nucleotides (Huang et al, 1992;
Szymkowski et al, 1993). These facts enabled us to directly compare
the removal kinetics of CPD and 6–4PP in genomic DNA with the
kinetics of UDS after UV irradiation. Normal human cells repaired
90% of the initial 6–4PP within 3 h, and removed 10%, 20%, and
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Figure 8. Typical three-dimensional fluorescent images of UV-induced
UDS (higher magnification) and nuclear DNA (lower magnification)
in normal human cells. MSU-2 cells were UV irradiated with 30 J per m2
and incubated for 3 h periods in growth medium containing 10 µM BrdU and
1 µM fluorodeoxyuridine: cells were labeled by BrdU (A) during the first 3 h
after irradiation and (B) from 3 to 6 h after irradiation. Cells were then treated
using the same method as described in Fig 6.
30% of the initial CPD at 3 h, 6 h, and 9 h after UV irradiation,
respectively (Fig 1). In parallel with the repair kinetics of photolesions,
normal human cells performed 3.9 times more efficient UDS during
the first 3 h post-UV repair period than during the second (3–6 h) or
third (6–9 h) 3 h post-UV repair periods (Fig 5). These results suggest
that the efficient UDS is primarily attributable to the repair of 6–4PP.
Indeed, we calculated that 75% of 6–4PP repair and 25% of CPD
repair constituted the efficient UDS during the first 3 h repair period,
and almost 100% of CPD repair constituted the inefficient UDS during
the second or third 3 h repair periods. The calculations are supported
by Broughton et al (1990) demonstrating that 50% or more of repair
synthesis at early times after irradiation of normal primary human
fibroblasts is attributable to repair of 6–4PP. Furthermore, the relative
induction ratio of 6–4PP to CPD was calculated as 0.34. This value is
also comparable with the published data (0.15–0.33) (Mitchell, 1988;
Clingen et al, 1995; Eveno et al, 1995). On the other hand, no
significant removal of CPD and 6–4PP from genomic DNA was seen
within 24 h after UV irradiation in XP-C cells. Similarly, no increase
in the amount of UDS was observed within 9 h after UV irradiation.
XP-C cells are known to be defective in the global genome repair
subpathway, but not in the transcription-coupled repair subpathway
(Venema et al, 1990; Kantor et al, 1990). Thus, the present results
indicate that ELISA or quantitative immunofluorescence method used
in this study cannot detect the transcription-coupled repair at all.
Furthermore, the results confirmed that the excision of CPD and 6–
4PP by NER was exclusively responsible for the UDS.
We succeeded in three-dimensional visualization of the nuclear
localization of CPD, 6–4PP, and UDS in individual human cells. The
fluorescent images obtained were very specific for DNA damage or
UDS, because of almost no nonspecific fluorescence in each control
sample. Furthermore, the typical three-dimensional images of photole-
sions or UDS at various repair times reflected well the repair kinetics
obtained by ELISA or immunofluorescence. The most important
finding in the present study is that the punctate, not diffusely spread,
nuclear localization of unrepaired 6–4PP was found at 2 h incubation,
after 6–4PP were induced throughout the nuclei immediately after
UV irradiation (Fig 2). This finding was confirmed by the result
demonstrating that the focally concentrated, not diffusely spread,
nuclear localization of UDS, which was primarily correlated with the
removal of 6–4PP, was also seen at 3 h incubation (Fig 6). Of course,
a similar localization of UDS was found at 2 h incubation, but that at
3 h incubation with brighter fluorescence was more indicative. These
results strongly suggest that nonrandom repair of 6–4PP takes place in
the nuclei of normal human cells during the 3 h repair period. The
next concern is whether CPD are also repaired nonrandomly. Because
only 20% of the initial CPD were removed during the 6 h repair
period, it was difficult to present the typical immunofluorescent images
indicating the partial loss of CPD (Fig 4). Instead, the three-dimensional
images of UDS during the first 3 h repair period and during the second
3 h repair period were compared with each other, because the former
and the latter are primarily attributable to 6–4PP repair and CPD repair,
respectively. The punctate, not diffusely spread, nuclear localization of
UDS was observed again in both samples (Fig 8), suggesting that not
only 6–4PP but also CPD are nonrandomly repaired from nuclei in
normal human fibroblasts.
From the data in Figs 2 and 6, it is evident that some cells initiate
repair earlier than others. This might be due to a dose effect. That is,
the initiation of NER might be delayed in some cells irradiated with
a physiologically high UV dose like 30 J per m2. To evaluate this
possibility, we studied the clonogenic survival on MSU-2 cells after
UV irradiation, and the repair kinetics of CPD and 6–4PP after
irradiation with 10 J per m2. Then, the repair kinetics were compared
with those obtained after 30 J per m2 irradiation. The clonogenic
survival was found to be 50 and 2% after UV irradiation with 10 and
30 J per m2, respectively (data not shown). The repair patterns of two
types of photolesions were similar between two UV doses, but the
rates of repair of both photolesions tended to be slightly delayed at the
higher dose (data not shown). This result might support the dose
effect, even though more experiments are needed to reach a conclusion.
It is well known that replication and transcription occur in distinct
compartments, at the sites called as nuclear matrix, in mammalian nuclei
(Pardoll et al, 1980; Hassan and Cook, 1993; Jackson et al, 1993; Xing
et al, 1993; Carter et al, 1993). Consistent with coupling with
transcription, the limited DNA-repair synthesis in UV-irradiated XP-
C cells has been reported to occur near the attachment sites of DNA
loops at the nuclear matrix (Mullenders et al, 1984; Mullenders et al,
1986); however, Jackson et al (1994a, b) have found that repair
synthesis, in normal human cells, began in transcriptionally active
regions but then continued independently of transcription. These
results suggest that the transcription-coupled repair and the global
genome repair take place at different nuclear sites in normal human
cells. In this study, any methods used could not detect the transcription-
coupled repair at all. Thus, the present results suggest that both 6–4PP
and CPD are nonrandomly removed from the nuclei using the global
genome repair subpathway in normal human cells.
Recently, Park et al (1996) localized the immunofluorescent, anti-
genic signal of XPG protein to foci throughout the cell nucleus using
confocal microscopy. The number of XPG foci decreased within 2 h
after UV irradiation, whereas total nuclear XPG fluorescence remained
constant, suggesting redistribution of XPG from a limited number of
nuclear foci to the nucleus overall. They proposed that distribution of
XPG protein may regulate the rate of DNA repair within compartments
of the cell nucleus. To evaluate this proposal, it is essential to compare
the localization of XPG protein with that of 6–4PP repair, CPD repair,
or UDS in a single-cell level. The three-dimensional analysis using
confocal microscopy, established in this study, not only enables us to
perform this new type of experiment, but also allows us to visualize the
result. Thus, we believe that this approach is very useful and powerful.
This work was supported by a Grant-in-Aid for Scientific Research from the Ministry of
Education, Science, and Culture of Japan, and by The Cosmetology Research Foundation.
REFERENCES
Aboussekhra A, Biggerstaff M, Shivji MKK, et al: Mammalian DNA nucleotide excision
repair reconstituted with purified protein components. Cell 80:859–868, 1995
Beisker W, Hittelman WN: Measurement of the kinetics of DNA repair synthesis after uv
irradiation using immunochemical staining of incorporated 5-bromo-2’-deoxyuridine
and flow cytometry. Exp Cell Res 174:156–167, 1988
Broughton BC, Lehman AR, Harcourt SA, et al: Relationship between pyrimidine dimers,
6–4 photoproducts, repair synthesis and cell survival: Studies using cells from patients
with trichothiodystrophy. Mutat Res 235:33–40, 1990
Carter KC, Bowman D, Carrington W, Fogarty K, McNeil JA, Fay FS, Lawrence JB: A
three-dimensional view of precursor messenger RNA metabolism within the
mammalian nucleus. Science 259:1330–1335, 1993
Cleaver JE, Kraemer KH: Xeroderma pigmentosum and Cockayne syndrome. In: Scriver
CR, Beaudet AL, Sly WS, Valle D (eds). The Metabolic and Molecular Bases of Inherited
Disease. McGraw-Hill, New York, 1995, pp 4393–4419
Clingen PH, Arlett CF, Cole J, et al: Correlation of UVC and UVB cytotoxicity with the
induction of specific photoproducts in T-lymphocytes and fibroblasts from normal
human donors. Photochem Photobiol 61:163–170, 1995
Eveno E, Bourre F, Quilliet X, et al: Different removal of ultraviolet photoproducts in
genetically related xeroderma pigmentosum and trichothiodystrophy diseases. Cancer
Res 55:4325–4332, 1995
148 NAKAGAWA ET AL THE JOURNAL OF INVESTIGATIVE DERMATOLOGY
Hallgren RC, Buchholz C: An improved three-dimensional visualization method for
confocal microscopy. Am Biotechnol Laboratory 10:8–9, 1992a
Hallgren RC, Buchholz C: Improved solid surface rendering with the simulated fluorescence
process (SFP) algorithm. J Microsc 166:RP3–RP4, 1992b
Hanawalt PC: Heterogeneity of DNA repair at the gene level. Mutat Res 247:203–211, 1991
Hassan AB, Cook PR: Visualization of replication sites in unfixed human cells. J Cell Sci
105:541–550, 1993
Huang J-C, Svoboda DL, Reardon JT, Sancar A: Human nucleotide excision nuclease
removes thymine dimers from DNA by incising the 22nd phosphodiester bond 59
and the 6th phosphodiester bond 39 to the photodimer. Proc Natl Acad Sci USA
89:3664–3668, 1992
Jackson DA, Hassan AB, Errington RJ, Cook PR: Visualization of focal sites of transcription
within human nuclei. EMBO J 12:1059–1065, 1993
Jackson DA, Balajee AS, Mullenders L, Cook PR: Sites in human nuclei where DNA
damaged by ultraviolet light is repaired: visualization and localization relative to the
nucleoskeleton. J Cell Sci 107:1745–1752, 1994a
Jackson DA, Hassan AB, Errington RJ, Cook PR: Sites in human nuclei where damage
induced by ultraviolet light is repaired: localization relative to transcription sites and
concentrations of proliferating cell nuclear antigen and the tumor suppressor protein,
p53. J Cell Sci 107:1753–1760, 1994b
Kantor GJ, Barsalou LS, Hanawalt PC: Selective repair of specific chromatin domains in
UV-irradiated cells from xeroderma pigmentosum complementation group C. Mutat
Res 235:171–180, 1990
Maher VM, Rowan LA, Silinskas KC, Kateley SA, McCormick JJ: Frequency of UV-
induced neoplastic transformation of diploid human fibroblasts is higher in xeroderma
pigmentosum cells than in normal cells. Proc Natl Acad Sci USA 79:2613–2617, 1982
McCready SJ, Cook PR: Lesions induced in DNA by ultraviolet light are repaired at the
nuclear cage. J Cell Sci 70:189–196, 1984
Mellon I, Spivak G, Hanawalt PC: Selective removal of transcription-blocking DNA
damage from the transcribed strand of the mammalian DHFR gene. Cell 51:241–
249, 1987
Mitchell DL: The relative cytotoxicity of (6–4) photoproducts and cyclobutane dimers in
mammalian cells. Photochem Photobiol 48:51–57, 1988
Mitchell DL, Haipek CA, Clarkson JM: (6–4) photoproducts are removed from the DNA
of UV-irradiated mammalian cells more efficiently than cyclobutane pyrimidine
dimers. Mutat Res 143:109–112, 1985
Mori T, Matsunaga T, Hirose T, Nikaido O: Establishment of a monoclonal antibody
recognizing ultraviolet light-induced (6–4) photoproducts. Mutat Res 194:263–
270, 1988
Mori T, Wani AA, D’Ambrosio SM, Chang C-C, Trosko JE: In situ pyrimidine dimer
determination by laser cytometry. Photochem Photobiol 49:523–526, 1989
Mori T, Matsunaga T, Chang C-C, Trosko JE, Nikaido O: In situ (6–4) photoproduct
determination by laser cytometry and autoradiography. Mutat Res 236:99–105, 1990
Mori T, Nakane M, Hattori T, Matsunaga T, Ihara M, Nikaido O: Simultaneous
establishment of monoclonal antibodies specific for either cyclobutane pyrimidine
dimer or (6–4) photoproduct from the same mouse immunized with ultraviolet-
irradiated DNA. Photochem Photobiol 54:225–232, 1991
Mullenders LHF, van Kesteren AC, Bussmann CJM, van Zeeland AA, Natarajan AT:
Preferential repair of nuclear matrix associated DNA in xeroderma pigmentosum
complementation group C. Mutat Res 141:75–82, 1984
Mullenders LHF, van Kesteren AC, Bussmann CJM, van Zeeland AA, Natarajan AT:.
Distribution of u.v. -induced repair events in higher-order chromatin loops in
human and hamster fibroblasts. Carcinogenesis 7:995–1002, 1986
Pardoll DM, Vogelstein B, Coffey DS: A fixed site of DNA replication in eucaryotic cells.
Cell 19:527–536, 1980
Park MS, Knauf JA, Pendergrass SH, Coulon CH, Strniste GF, Marrone BL, MacInnes
MA: Ultraviolet-induced movement of the human DNA repair protein, Xeroderma
pigmentosum type G, in the nucleus. Proc Natl Acad Sci USA 93:8368–8373, 1996
Reardon JT, Nichols AF, Keeney S, Smith CA, Taylor J-S, Linn S, Sancar A: Comparative
analysis of binding of human damaged DNA-binding protein (XPE) and Escherichia
coli damage recognition protein (UvrA) to the major ultraviolet photoproducts:
T[c,s]T, T[t,s]T, T[6–4]T, and T[Dewar]T. J Biol Chem 268:21301–21308, 1993
Sancar A: Mechanisms of DNA excision repair. Science 266:1954–1956, 1994
Setlow RB: Repair deficient human disorders and cancer. Nature (London) 271:713–
717, 1978
Suzuki F, Han A, Lankas GR, Utsumi H, Elkind MM: Spectral dependencies of killing,
mutation, and transformation in mammalian cells and their relevance to hazards
caused by solar ultraviolet radiation. Cancer Res 41:4916–4924, 1981
Szymkowski DE, Lawrence CW, Wood RD: Repair by human cell extracts of single (6–
4) and cyclobutane thymine-thymine photoproducts in DNA. Proc Natl Acad Sci
USA 90:9823–9827, 1993
Thomas DC, Okumoto DS, Sancar A, Bohr VA: Preferential DNA repair of (6–4)
photoproducts in the dihydrofolate reductase gene of Chinese hamster ovary cells.
J Biol Chem 264:18005–18010, 1989
Treiber DK, Chen Z, Essigmann JM: An ultraviolet light-damaged DNA recognition
protein absent in xeroderma pigmentosum group E cells binds selectively to
pyrimidine (6–4) pyrimidone photoproducts. Nucl Acids Res 20:5805–5810, 1992
Venema J, van Hoffen A, Natarajan AT, van Zeeland AA, Mullenders LHF: The residual
repair capacity of xeroderma pigmentosum complementation group C fibroblasts is
highly specific for transcriptionally active DNA. Nucl Acids Res 18:443–448, 1990
van der Voort HTM, Brakenhoff GJ, Baarslag MW: Three-dimensional visualization
methods for confocal microscopy. J Microsc 153:123–132, 1989
Wakasugi M, Abe Y, Yoshida Y, Matsunaga T, Nikaido O: Purification of a novel UV-
damaged-DNA binding protein highly specific for (6–4) photoproduct. Nucl Acids
Res 24:1099–1104, 1996
Wang Y, Kobayashi K, Chang HR, et al: Assignment of a Chinese xeroderma pigmentosum
patient from Taiwan to complementation group C. J Radiat Res 32:181–190, 1991
Xing Y, Johnson CV, Dobner PR, Lawrence JB: Higher level organization of individual
gene transcription and RNA splicing. Science 259:1326–1330, 1993
